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Abstract 
Catalytic hydrogenation of carbon dioxide was carried out over Ni-Si-Ox catalysts prepared by the sol-gel method. 
The M/Ni-Si-Ox (M=Na, K, Rb, Cs, Mg, Ca, Sr, Ba, and La) catalysts were prepared by the wet impregnation method 
and their catalytic activities were tested. Methane was exclusively produced over the Ni-Si-Ox and M/Ni-Si-Ox 
catalysts under the reaction conditions of 5 MPa at 473 K. The change of the catalytic activity is investigated with 
respect to the electronegativity of the M. The electronic interaction between nickel and the M is discussed on the 
basis of XPS results. 
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1. Introduction 
The catalytic transformation of carbon dioxide has been paid much attention from 1980s through 1990s 
along with environmental issues [1-3]. Since carbon dioxide is the final oxidation product of organic 
compounds, the large amount of additional energy is necessary for the conversion of carbon dioxide. 
Consequently, most of scientists considered that the transformation of carbon dioxide makes nonsense if 
the final aim of the research is the mitigation of carbon dioxide in the atmosphere. 
On the other hand, all living things utilize carbon dioxide as an ultimate carbon resource. Fossil fuels, 
such as petroleum oil, coal, and natural gas, are also the fruits originated from the assimilation of carbon 
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dioxide by plants. As a recent trend the hydrocarbons produced from the catalytic reaction of carbon 
dioxide with hydrogen are considered as convenient hydrogen energy carriers because the energy density 
of hydrogen is quite low in its molecular form [4]. From these view points, the utilization of carbon 
important subject. 
In the previous study we reported that LaNi5, which is known as hydrogen storage alloy, is a quite 
good catalyst precursor for the hydrogenation of carbon dioxide to produce methane [5]. According to the 
XRD measurements LaNi5 was found to decompose during the reaction and the active phases were 
formed. On the basis of the XPS results, we pointed out that the electronic interaction of nickel with 
lanthanum via oxygen atom is essential to the high catalytic activity. 
In this study I report the catalytic activity of the nickel catalyst (Ni-Si-Ox) prepared by the sol-gel 
method, which is conventional way to make the highly dispersed nickel catalyst, for the hydrogenation of 
carbon dioxide and the change of the catalytic activity of the Ni-Si-Ox catalyst by the addition of metal 
ions. 
2. Experimental 
2.1. Preparation of catalysts 
A Ni-Si-Ox catalyst, containing 50 wt% of nickel when perfectly reduced, was prepared by the 
hydrolysis and polymerization of tetraethyl orthosilicate (25 mL, Kanto Chemical) consisting of nickel 
nitrate hexahydrate (33.2 g, Kanto Chemical), water (50 mL), ethanol (10 mL), and nitric acid (2 mL). 
The solution became gelatinous after stirring at room temperature for several hours. The gelatinous 
material was dried at 393 K for 5 h and then transferred into a ceramic crucible followed by calcination in 
air at 773 K for 5 h to decompose the nitrate and residual organic substances. The resulting material was 
crashed into <60 mesh granules by using mortar. 
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Fig. 1. Flow - type fixed - bed reactor. 
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The Ni-Si-Ox was impregnated with a variety of metal ions. The impregnated Ni-Si-Ox catalysts, 
denoted as M/Ni-Si-Ox (M = Na, K, Rb, Cs, Mg, Ca, Sr, Ba, and La), were prepared with a diluted 
aqueous nitrate or carbonate solution of corresponding metal source in amount of 10 mmol to 1 g of Ni-
Si-Ox catalyst. The impregnated samples were dried in air at 393 K by gradual rolling, then calcined at 
673 K for 5 h. 
2.2. Activity test 
The catalytic activity of the Ni-Si-Ox catalysts was tested with a conventional flow-type fixed-bed 
reactor made of stainless-steel tube with an inner diameter of 10 mm as shown in Figure 1. In a typical 
experiment 1.0 g of catalyst was packed in the reactor tube, and was pretreated with diluted hydrogen (1% 
hydrogen in nitrogen) stream (6.0 dm3 h-1 in S.T.P.) under atmospheric pressure at 673 K for 3 h. After 
enough cooling of the reactor a reactant gas mixture (20% carbon dioxide in hydrogen) was introduced at 
a rate of 3.0 dm3 h-1 in S.T.P. and the pressure was raised to 5 MPa and temperature was set at 473 K. The 
effluent gas was analyzed by an on-line gas chromatograph with packed columns (Porapak Q for carbon 
dioxide and MS-13X for methane and carbon monoxide). 
2.3. Characterization of catalysts 
The BET surface areas of the samples were measured with a Shimadzu Quantasorb Jr. by the 
physisorption of krypton at 77 K. The number of metallic nickel atom on the catalyst surface was 
measured by hydrogen chemisorption with a pulse-flow apparatus. 
The surface analyses by X-ray photoelectron spectroscopy (XPS) were performed with a Shimadzu 
ESCA-750 using magnesium radiation (8 kV, 30 mA). At the end of the catalytic test, the reactant gas 
mixture was changed to nitrogen at a rate of 3.0 dm3 h-1 in S.T.P. and the pressure was dropped to 
ambient pressure. After enough cooling, the sample was taken out from the reactor and was set to the 
sample holder of the XPS instrument. The spectra were recorded after argon-ion etching for 0.5 min (2 
kV, 25 mA). The values of binding energy were corrected with that of C(1s) (284.6 eV) for carbon 
contaminant [6]. 
3. Results and discussion 
3.1. Catalytic activity of Ni-Si-Ox catalysts 
The main products of the hydrogenation of carbon dioxide over the Ni-Si-Ox and M/Ni-Si-Ox catalysts 
were methane and water as shown in equation 1. Small amounts of carbon monoxide and ethane were 
also formed with the selectivities of less than 1% in total. The catalytic activities were compared at 473 K 
because the conversion of carbon dioxide is almost completed at the higher temperatures than 523 K. The 
BET surface areas were less than 0.1 m2 g-1 for the all samples after the reaction. 
 
 
    CO2 + 4 H2 > CH4 + 2 H2O           (1) 
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As seen in Table 1 the catalytic activity of La/Ni-Si-Ox catalyst was significantly high compared with 
those of other catalysts. The Ni-Si-Ox catalysts impregnated with alkali metal ions (Na, K, Rb, and Cs) 
showed almost no catalytic activity. 
 
Table 1.  Catalytic hydrogenation of carbon dioxide over Ni-Si-Ox catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since metallic nickel (Ni0) is thought to be the active site of the catalysts used here, the number of Ni0 
on the catalyst surface was estimated by the chemisorption of hydrogen which is chemically adsorbed on 
Ni0 with 1:1 in atomic ratio. The number of Ni0 seems to roughly correspond to the catalytic activity 
except La/Ni-Si-Ox. Almost no hydrogen was adsorbed on the Ni-Si-Ox catalysts impregnated with alkali 
metal ions. This means that there is no Ni0 on the catalyst surface, resulting in low catalytic activities. 
To investigate the property of the nickel atom on the catalyst surface, the turnover frequency (TOF) 
was employed which is defined as the number of molecules of substrate that the catalyst can convert to 
product per active site per unit of time. The TOF can be calculated from the number of hydrogen 
molecule which is chemically adsorbed on Ni0 with 1:1 in atomic ratio. The TOF for the Ni-Si-Ox catalyst 
without additives is 6.4x10-3 s-1. The effect of the additives on the TOF will be discussed later. 
3.2. Surface analysis by XPS 
The surface analysis by XPS was carried out to investigate the interaction between nickel and the 
additives. Figure 2 shows Ni(2p3/2) peaks for Ni-Si-Ox (a), La/Ni-Si-Ox (b), and Na/Ni-Si-Ox (c) catalysts, 
respectively. A clear peak attributed to Ni0 was observed at 852.7 eV for the Ni-Si-Ox catalyst. As for 
La/Ni-Si-Ox catalyst, a second peak attributed to nickel oxide (857.2 eV) was detected along with Ni0. 
These species were also observed for Ca/Ni-Si-Ox catalyst, suggesting that the existence of both Ni0 and 
nickel oxide on the catalyst surface is important for the high catalytic activity. The only weak peak 
attributed to nickel oxide was seen for Na/Ni-Si-Ox catalyst. Even after enough etching only the peak 
attributed to nickel oxide was found while significantly strong peak for sodium was observed (data not 
shown). The similar tendency was obtained in the cases of the other alkali metal ions. 
From these results, it can be concluded that the reduction of nickel oxide to Ni0 was partly obstructed 
by the additives and the partly reduced nickel species contribute to the high catalytic activity. 
On the other hand, nickel species were almost covered by alkali metals, resulting in the poor catalytic 
activity. The alkali metals may have a high affinity to nickel (Ni0 and/or nickel oxide) although the detail 
is still unclear. 
Additive Methane yield H2 chemisorption
(%) ( mol g-cat-1)
none 12 50
Mg 7.7 10
Ca 14 63
Sr 2.8 5.5
Ba 0.3 5.5
La 18 15
Conditions: 473 K, 5 MPa; SV=3.0 dm3 h-1 in S.T.P.
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Fig. 2.  XPS Spectra for Ni(2p3/2); (a)Ni-Si-Ox, (b) La/Ni-Si-Ox, and (c)Na/Ni-Si-Ox 
 
3.3. Electronic effect of the additives 
As we pointed out in the literature [5], the electronic interaction of nickel with lanthanum via oxygen 
atom is essential to the high catalytic activity. To clarify the influence of the additives to nickel species, 
the electronegativity of a metal ion, i, proposed by Tanaka et al. [7] was employed as shown in equation 
(2): 
 
    i = 0            (2) 
 
where Z is the charge of the metal ion and 0 is the electronegativity of the neutral atom (Z=0) given 
by Pauling. 
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Fig. 3.  Plots of TOF for the M/Ni-Si-Ox catalyst versus electronegativity of metal ion 
 
G
Figure 3. shows the TOF at 473 K over the M/Ni-Si-Ox catalysts as a function of the acidity of the 
additives. Since a high value of electronegativity corresponds to a high acidity, it can be noted that the 
additives with stronger acidity lead to higher TOFs. The similar topic is reported in the catalytic 
hydrogenation of carbon dioxide over the gold catalyst supported on metal oxides [8]. 
Hydrogen is activated on Ni0, on the other hand, the active site for carbon dioxide is unclear at the 
present stage. The acidic additives may restrain the reduction of the surface nickel species that can 
activate carbon dioxide to promote the formation of the intermediate species. Although the new 
mechanism concerning the activation process of carbon dioxide is proposed on the basis of theoretical and 
experimental results [9], further investigation is necessary to clarify the details. 
4. Conclusion 
Methane was exclusively obtained as the product of the hydrogenation of carbon dioxide over the Ni-
Si-Ox catalysts prepared by sol-gel method under 5 MPa and 473 K. The catalytic activity was 
significantly affected by the nature of the metal ion additives. The nickel species were covered with alkali 
metal ion, resulting in the low catalytic activities. A clear relationship between the catalytic activity and 
the electronegativity of metal ion was observed. These findings may contribute to the development of 
more active, stable, and cheaper catalysts. 
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